Objective. To test the hypothesis that high-fat (HF) diet-induced obesity increases proinflammatory cytokine expression, macrophage infiltration, and M1 polarization in the infrapatellar fat pad (IFP) prior to knee cartilage degeneration.
Objective. To test the hypothesis that high-fat (HF) diet-induced obesity increases proinflammatory cytokine expression, macrophage infiltration, and M1 polarization in the infrapatellar fat pad (IFP) prior to knee cartilage degeneration.
Methods. We characterized the effect of HF feeding on knee OA pathology, body adiposity, and glucose intolerance in male C57BL/6J mice and identified a diet duration that induces metabolic dysfunction prior to cartilage degeneration. Magnetic resonance imaging and histomorphology were used to quantify changes in the epididymal, subcutaneous, and infrapatellar fat pads and in adipocyte sizes. Finally, we used targeted gene expression and protein arrays, immunohistochemistry, and flow cytometry to quantify differences in fat pad markers of inflammation and immune cell populations.
Results. Twenty weeks of feeding with an HF diet induced marked obesity, glucose intolerance, and early osteoarthritis (OA), including osteophytes and cartilage tidemark duplication. This duration of HF feeding increased the IFP volume. However, it did not increase IFP inflammation, macrophage infiltration, or M1 macrophage polarization as observed in epididymal fat. Furthermore, leptin protein levels were reduced. This protection from obesity-induced inflammation corresponded to increased IFP fibrosis and the absence of adipocyte hypertrophy.
Conclusion. The IFP does not recapitulate classic abdominal adipose tissue inflammation during the early stages of knee OA in an HF diet-induced model of obesity. Consequently, these findings do not support the hypothesis that IFP inflammation is an initiating factor of obesity-induced knee OA. Furthermore, the profibrotic and antihypertrophic responses of IFP adipocytes to HF feeding suggest that intraarticular adipocytes are subject to distinct spatiotemporal structural and metabolic regulation among fat pads.
Obesity significantly increases the risk of osteoarthritis (OA) (1, 2) , and clinical and preclinical studies support a role of both biomechanical and inflammatory factors in the pathogenesis of OA (3) . OA involves a mosaic pattern of altered systemic and local inflammation (4, 5) . For example, circulating markers of inflammation can indicate the presence of symptomatic knee OA that is at risk of progression (6) . Locally, cytokines and chemokines are elevated in the synovium, cartilage, meniscus, and synovial fluid (7) (8) (9) (10) . Innate mediators of inflammation drive many facets of obesity-induced metabolic dysfunction, providing a potential link to OA pathogenesis (11) (12) (13) . Recent studies have shown that activated synovial macrophages are present in at least some OA joints (14) (15) (16) , and there is mounting evidence that innate inflammatory networks, such as those involving complement and alarmins, are critical mediators of OA progression and pain (17) .
Understanding how metabolic inflammation contributes to OA risk is challenging because obesity triggers systemic and tissue-specific cellular immune responses, particularly within adipose tissue. We previously reported that knee OA develops in proportion to total body fat and the adipokine leptin, but not other cytokines, in mice with high-fat (HF) diet-induced obesity (18) . In humans, leptin is elevated in synovial fluid relative to serum, indicating the potential for local metabolic inflammation (19) . In a comparison of patientmatched infrapatellar and subcutaneous fat, the infrapatellar fat pad (IFP) was shown to secrete higher levels of adiponectin, adipsin, interleukin-6 (IL-6), tumor necrosis factor (TNF), and visfatin per tissue weight (20, 21) . Clinical imaging studies also support a role of the IFP in OA, linking changes in IFP size or magnetic resonance signal intensity to changes in OA symptoms and to structural pathology (22, 23) . However, most evidence of IFP inflammation is based on samples collected from patients undergoing total joint arthroplasty (24) . Therefore, we wanted to understand the effect of obesity on IFP inflammation during the initiation of knee OA.
Macrophages are central mediators of adipose tissue inflammation (25) . Resident adipose tissue macrophages suppress inflammation similar to alternatively activated M2 macrophages. Obesity stimulates chemokine-mediated macrophage infiltration and proinflammatory (M1) polarization, particularly in abdominal fat. Given the proinflammatory phenotype of the IFP in OA joints, we hypothesized that obesity increases knee OA by inducing IFP macrophage infiltration, M1 polarization, and proinflammatory cytokine production prior to the development of cartilage degeneration. Previous findings in humans with OA characterized IFP macrophages as primarily M2 regardless of obesity status (26) . However, M2-like macrophages are prevalent during wound healing; consequently, the inflammatory characteristics at the end stage of OA may greatly differ from those at the onset of disease. Therefore, we evaluated IFP inflammation and macrophage polarization markers prior to the onset of cartilage damage.
We tested our hypothesis using a widely studied HF diet-induced mouse model of obesity in mice obtained from The Jackson Laboratory. We first characterized the temporal effects of HF feeding on knee OA pathology, body adiposity, and glucose tolerance to identify a diet duration that induces metabolic dysfunction prior to cartilage degeneration. We then used magnetic resonance imaging (MRI) and histomorphology to quantify changes in the size of the epididymal fat pad (EFP), the subcutaneous fat pad (SFP), and the IFP and corresponding changes in adipocyte size. Finally, we conducted quantitative gene expression profiling, immunohistochemistry, and flow cytometry to characterize differences in markers of inflammation and cell types among the different fat pads and in response to an HF diet.
MATERIALS AND METHODS
Animals. Experiments were conducted in accordance with protocols approved by the AAALAC Internationalaccredited Institutional Animal Care and Use Committee at the Oklahoma Medical Research Foundation (OMRF). Male C57BL/6J mice were purchased from the JAX Diet-Induced Obesity (DIO) service (The Jackson Laboratory), which randomizes mice to receive diets containing either 10% kcal of fat (control; D12450Bi) or 60% kcal of fat (HF; D12492i) beginning at 6 weeks of age (Research Diets). DIO animals were purchased at 24 weeks of age and maintained on the same diets in the OMRF vivarium (specific pathogen-free facility) until experimental end points at 26 and 52 weeks of age. Mice were group-housed (#5 animals/cage) in ventilated cages in a temperature-controlled room with 12-hour light/ dark cycles and with ad libitum access to food and water and routine veterinary assessment. Multiple cohorts of animals were purchased from the JAX DIO service to complete all experiments (Supplementary Table 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/ 10.1002/art.40056/abstract). Sample sizes for specific experiments are given below.
Body composition, fat pad volume, and glucose analyses. Body fat content (excluding the head) was measured under isoflurane anesthesia using a dual-energy x-ray absorptiometry system (Piximus II; GE Lunar) at 24 and 50 weeks of age (27) . Infrapatellar, subcutaneous, and peritoneal fat pad volumes were measured in 24-week-old animals receiving control and HF diets using water-suppressed MRI, as previously described (28) . Intraperitoneal glucose tolerance tests were performed in mice subjected to overnight fasting ;1 week prior to euthanasia, as previously described (29) .
Histologic and immunohistochemical analyses. Animals were euthanized by CO 2 asphyxiation, alternating between groups. Intact knees were isolated, processed, and stained with hematoxylin, fast green, and Safranin O for histologic grading, as described previously (18, 30) . Modified Mankin OA scoring was conducted by 2 experienced graders under blinded conditions, assessing 4 locations: lateral femur, lateral tibia, medial femur, and medial tibia. Osteophyte severity along the anterior and posterior margins of the medial and lateral tibial plateaus was quantified using a 0-3 grading system for each region, as previously described (31) .
EFPs, SFPs (femoroinguinal), and IFPs were harvested following death and stabilized in Zamboni's fixative prior to paraffin processing. Sections (6 mm) were collected at 48-mm intervals for the EFPs and SFPs and continuously for the IFPs. For adipocyte analyses, 2 slides per sample were stained with hematoxylin and eosin. Two images per slide were captured using a Nikon E200 microscope equipped with a DS-Fi1 digital camera. Adipocytes intersecting a digital grid overlay were manually traced to calculate the average adipocyte area per sample using NIS Elements software (Nikon). For macrophage quantification, 3 slides per fat pad per animal were prepared for F4/80 staining. Slides underwent antigen retrieval (0.05% proteinase K), nonspecific blocking (5% normal donkey serum in phosphate buffered saline [PBS] at 0.1% Triton X), and incubation with rat anti-mouse F4/80 monoclonal antibody (1:100 dilution; Invitrogen catalog no. MF48000) for 1 hour at room temperature. Slides were washed and stained with Cy3 secondary antibody (Jackson ImmunoResearch) and Hoechst for visualization and quantitation by fluorescence microscopy using a Nikon Eclipse 80i microscope, an X-cite 120Q light source, and a DS-Qi1Mc camera. Primary antibody was omitted for negative controls.
Fat pad fibrosis was evaluated by sirius red staining. Slides were stained in saturated picric acid with 0.1% sirius red F3B (VWR), washed in 0.5% acetic acid, and counterstained with 0.5% Harris' hematoxylin (VWR). Slides were examined under epipolarized ultraviolet light with a Nikon E800 microscope equipped with an Omax 14 MP digital camera and Omax ToupView acquisition software. Three 103 images per sample were selected for quantification with ImageJ software (version 1.49o; National Institutes of Health) using the color deconvolution 2 plugin to generate a threshold-based binary image of the epifluorescent signal. Fibrosis was quantified as the area of epifluorescent signal within a central 1,400-pixel-diameter region of interest free of tissue artifact or vasculature.
RNA and protein extraction. Extracted fat pad samples were immediately placed in TRIzol reagent (Ambion) on ice and stored at 2808C until homogenization. Although it was not possible to isolate the IFP from the immediate underlying synovium, IFP samples were carefully dissected under a stereomicroscope using McPherson-Vannas scissors and fine forceps to minimize the inclusion of adjacent synovium and other connective joint tissues. To obtain sufficient messenger RNA (mRNA), IFPs from both knees were pooled for 2 animals per analysis sample. EFP and SFP mRNA samples were pooled for the same animal pairs to facilitate comparisons among fat pads. The mRNA and protein were isolated according to the manufacturer's protocol, and mRNA was purified using RNeasy Mini (IFP) and RNeasy Micro (SFP and EFP) kits (Qiagen).
Quantitative reverse transcription-polymerase chain reaction (RT-PCR) and protein array analyses. Gene expression was measured using RT 2 Profiler PCR inflammatory cytokine and receptors (PAMM-011D) and extracellular matrix and adhesion molecules (PAMM-013D) mouse arrays (Qiagen) according to the manufacturer's protocols. A total of 200 ng of mRNA per array was synthesized into complementary DNA using an RT 2 First-Strand kit (Qiagen and SABiosciences) following the manufacturers' instructions. Samples were analyzed on a CFX96 thermocycler (Bio-Rad), and gene expression was quantified relative to the geometric mean of 5 stable reference genes: Gusb, Hprt1, Hsp90ab1, Gapdh, and Actb. Protein samples were diluted in PBS with 1% Triton X-100 and analyzed using a Proteome Profiler Mouse Adipokine Array kit (catalog no. ARY013; R&D Systems) following the manufacturer's instructions. Membranes were incubated with 250 mg of protein, and bound antigen was detected by autoradiography using streptavidin-horseradish peroxidase secondary antibody and ChemiReagent Substrate mixture. Densitometry was conducted using a G:BOX imaging system and Gene Tools software (Syngene).
Flow cytometry. The EFP and IFP tissues were placed in PBS with 5% fetal bovine serum (FBS) prior to cell isolation. Stromal vascular fraction cells were obtained by digesting fat at 378C for 1 hour on an orbital shaker in a buffer containing Dulbecco's modified Eagle's medium (DMEM)/F-12 complete medium, 1 mg/ml of type IA collagenase (SigmaAldrich), 0.1 mg/ml of DNase I, 0.8 mM zinc chloride, 1.5% bovine serum albumin, and 25 mM HEPES (Life Technologies). Collagenase activity was neutralized with Hanks' balanced salt solution (catalog no. 21-022-CV; Cellgro Mediatech) and 10% FBS. The mixture was filtered (70 mm) and then centrifuged at 400g for 10 minutes at 48C.
The cell filtrate was incubated in 13 red blood cell lysis solution for 1 minute at room temperature followed by a DMEM wash and centrifugation. Freshly isolated cells were resuspended in fluorescence-activated cell sorting buffer (13 PBS with 5% FBS), counted, and labeled for 30 minutes on ice with fluorochrome-conjugated monoclonal antibodies (BioLegend) against mouse CD45.2 (clone 104), CD3 (145-2C11), CD19 (6D5), F4/80 (BM8), CD11c (N418), and CD206 (C068C2). Propidium iodide was used to determine cell viability (BioLegend). Compensation was done using a CompBead anti-rat and anti-hamster Igk/negative control compensation particles set from BD Biosciences. Experiments were analyzed with a BD LSR II flow cytometer and FlowJo software (Tree Star).
Statistical analysis. Imaging analyses were evaluated in a blinded manner. Scoring and quantitative analyses were averaged for all images, sections, and/or anatomical sites to generate an average value per animal for the statistical analyses. Differences in semiquantitative scores were determined using Mann-Whitney U tests (Prism 6.0f software). Gene expression array analyses included a 10% false discovery rate adjustment following the BenjaminiHochberg procedure, as indicated. All other data were analyzed by Student's t-test, one-way analysis of variance (ANOVA), or two-way ANOVA followed by Dunnett's or Holm-Sidak's multiple comparisons test, respectively (Prism 6.0f). Data are expressed as the mean 6 SEM except where indicated otherwise. P values less than 0.05 were considered significant.
RESULTS
Time course of HF diet-induced knee OA pathogenesis. We examined knee OA pathology in mice after 20 and 46 weeks of feeding them a control or HF diet. There were no differences in knee OA at 20 weeks based on modified Mankin scores, whereas 46 weeks of an HF diet increased OA severity ( Figure 1A ). Between 26 and 52 weeks of age, the OA scores increased 21.2% in the group receiving a control diet and 44.6% in the group receiving an HF diet (P 5 0.0098). Scores on the modified Mankin subcomponents showed a significant increase in tidemark duplication in the HF diet group after 20 weeks ( Figures 1B and D) . HF feeding also accelerated osteophyte formation after 20 weeks of eating an HF diet ( Figures 1C and E) , indicating the presence of early-stage OA. Therefore, we selected a 20-week period of HF diet to test the hypothesis that obesity induces IFP inflammation prior to the development of pathologic changes of overt OA in knee cartilage.
Distinct infrapatellar adipocyte response to HF diet-induced obesity and fat pad hypertrophy. Twenty weeks of eating an HF diet increased body mass by 41% (P , 0.0001) and increased total body fat from 14.8% to 36.7% of body mass (P , 0.0001) (Figure 2A ). The fasting blood glucose level was not elevated at this time point, but blood glucose levels remained elevated in mice in the HF group 30-90 minutes following a glucose challenge ( Figure 2B ). We next compared the effect of HF feeding on the sizes of the EFP, SFP, and IFP depots and their respective adipocytes. In animals eating the control diet, IFP adipocytes were significantly smaller than SFP and EFP adipocytes ( Figure 2C ). Following 20 weeks of HF feeding, the infrapatellar, subcutaneous, and peritoneal (i.e., epididymal plus mesenteric) adipose tissue volumes increased by 1.54-fold (P 5 0.005), 5.63-fold (P 5 0.0004), and 3.98-fold (P 5 0.0003), respectively ( Figure 2D ). When adipocyte cross-sectional areas were examined, IFP adipocytes did not become hypertrophic like the SFP and EFP adipocytes had ( Figures  2C and E) . Thus, although the IFP volume increased in response to HF feeding, adipocyte hypertrophy did not contribute to the increase in IFP size.
Comparison of HF diet-induced changes in IFP versus EFP immune cell populations. We next evaluated the effect of an HF diet on the immune cell populations in the stromal vascular fraction of the IFP and EFP (Figure 3 and Supplementary Figure 1 , available at Figure 1 . Age-dependent pathologic changes of knee osteoarthritis (OA) in mice with high-fat (HF) diet-induced obesity. Animals were fed a diet consisting of either 10% kcal of fat (control diet) or 60% kcal of fat (HF diet) beginning at 6 weeks of age. A, Increased severity of cartilage OA after 46 weeks of an HF diet, but not 20 weeks. OA in knee cartilage was determined by the modified Mankin score, which was averaged for multiple sections and sites throughout the joint, including the medial and lateral tibia and femur. B, Increased duplication of the tidemark separating the uncalcified and calcified cartilage after 20 weeks of an HF diet. After 46 weeks, however, both diet groups were similar. C, Accelerated development of tibial osteophytes after 20 weeks of an HF diet. However, after 46 weeks, control and HF diet groups were no longer different. Each symbol represents an individual mouse. Values are the mean 6 SEM of 10 mice per group at 26 weeks and 12 mice per control group and 13 mice per HF group at 52 weeks. * 5 P , 0.05; ** 5 P , 0.01. D and E, Sagittal sections of the medial tibia (D) and the medial compartment of the knee (E) after 20 weeks in mice fed a control diet or an HF diet. Arrowheads indicate tidemarks; arrow indicates an osteophyte. Bars 5 100 mm in D; 500 mm in E.
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BARBOZA ET AL http://onlinelibrary.wiley.com/doi/10.1002/art.40056/ abstract). The EFP contained a greater percentage of CD451 cells compared to the IFP, and this was independent of diet (P , 0.0001) ( Figure 3A ). There were also significant differences in T cell (CD31) and macrophage (F4/801) populations between the EFP and IFP depots ( Figure 3A) . Notably, the IFP contained a lower percentage of T cells (P , 0.0001) and a higher percentage of macrophages (P , 0.0001) compared to the EFP, and these differences were independent of an HF diet (Figure 3A) . B cell populations from the IFP were negligible for either diet.
We then evaluated the effect of an HF diet on CD2061 and CD11c1 adipose tissue macrophages, as determined with F4/80 staining (25) . In the IFP, the intensity of F4/80 staining and the relative proportion of CD2061 and CD11c1 cells did not change with an HF diet ( Figures 3B and D) . The CD206 high cells were also F4/80 high , as expected for macrophages, whereas the CD11c high cells had lower F4/80 expression, consistent with their potential identity as dendritic cells rather than M1 macrophages (32) . The F4/80 intermediate CD11c-CD206-cells in the IFP showed an SSC/FSC pattern similar to that of the CD2061 and CD11c1 populations in both the IFP and EFP (data not shown), suggesting that these cells are undifferentiated monocytes rather than neutrophils or eosinophils, as recently reported for the EFP (32) . In contrast to the IFP, an HF diet significantly altered the intensity of F4/80 staining and the relative proportion of CD2061 and CD11c1 cells in the EFP (Figures 3C and D) . The proportion of CD11c1 cells and intensity of F4/80 staining in CD11c high cell population increased with an HF diet, consistent with an increase in M1-like macrophages. Furthermore, macrophage crownlike structures, another characteristic of adipose tissue inflammation, were increased with an HF diet in the EFP (P 5 0.019) but were not significantly altered in the SFP, and none were observed in the IFP (data not shown).
No effect of HF diet-induced obesity on IFP inflammation. To further characterize fat pad-and HF diet-specific effects on adipose tissue inflammation, we compared the expression of proinflammatory and antiinflammatory genes and chemokine ligand and receptor genes using a targeted gene expression array. In mice consuming the control diet, Tnf and Il1b were more highly expressed in the IFP compared to the SFP ( Figure 4A ). The proinflammatory mediator Casp1 was also more highly expressed in the IFP compared to the EFP. An HF diet increased the expression of Tnf and Il1b in the SFP and Casp1 in the EFP, but none were altered in the IFP ( Figure 4A ). Among key antiinflammatory genes, Il4 and Il13 were more highly expressed in the IFP compared to the EFP, and only Il13 expression in the EFP was increased following an HF diet ( Figure 4B ). There were no differences in the expression of the macrophage chemokine ligands Ccl2, Ccl3, and Ccl7 in animals consuming a control diet ( Figure 4C ). However, following an HF diet, the expression of Ccl2, Ccl3, and Ccl7 increased in the EFP, and the expression of Ccl2 and Ccl7 increased in the SFP, but no significantly increased expression occurred in the IFP ( Figure 4C) . Expression of the chemokine receptors Ccr1, Ccr3, and Ccr5, however, were nearly all elevated in the IFP relative to the other fat pads, independently of diet ( Figure 4D ). Thus, under basal nonobese conditions, the expression of proinflammatory genes and chemokine receptor genes was elevated in the IFP compared to the SFP and EFP, but the IFP was insensitive to HF diet-induced changes.
We then performed an unsupervised cluster analysis of both fat pad type and macrophage polarization effector status on the HF diet-induced fold change in gene expression ( Figure 4E ). Although M1 and M2 subtypes can be ambiguous and overlapping, we selected a panel of genes previously found to be associated with these designations (33) to assess general patterns of inflammatory gene expression among the fat pads. Depot-specific fat pad samples clustered together based on their HF diet-induced changes in inflammatory gene expression. Notably, the expression patterns in the SFP more closely followed those in the EFP than in the IFP ( Figure 4E ). The genes clustered together into 2 major groups and were significantly associated with the M1 versus M2 gene designations (left and right clusters, respectively; P 5 0.036) ( Figure 4A ). Consistent with the findings of flow cytometry, the EFP samples, and to a lesser extent SFP samples, were characterized by an up-regulation of M1 effector genes and down-regulation of M2 effector genes. The IFP samples, however, did not show a discernible pattern of M1 versus M2 HF diet-induced gene expression. An analysis of adipokine and cytokine protein levels in the IFP also showed minimal effects of an HF diet, with a minor increase in IL-10 (mean 6 SEM HF-induced fold change 1.19 6 0.05; P 5 0.03) and a reduction in leptin (mean 6 SEM HFinduced fold change 0.61 6 0.10; P 5 0.03) (Supplementary Figure 2 , available at http://onlinelibrary.wiley.com/ doi/10.1002/art.40056/abstract).
Robust increase in IFP fibrosis caused by HF diet-induced obesity. To better understand the factors that differentiate the remodeling response of infrapatellar and subcutaneous fat pads to HF diet-induced obesity, we examined changes in adipose tissue fibrosis and the expression of genetic regulators of extracellular matrix homeostasis. Quantification of sirius red staining 1226 BARBOZA ET AL showed that the collagen content of adipose tissue was greater in the IFP compared to the SFP in mice fed a control diet (P 5 0.003) ( Figures 5A and B) . This difference was magnified following an HF diet, whereby the adipose tissue collagen content increased 2.0-fold (from 1.84% to 3.74% in the IFP; P 5 0.001), but did not change in the SFP (0.24% versus 0.25%) ( Figure 5B ). This same pattern remained even when collagen content was normalized to adipocyte size to account for baseline differences in adipocyte size and HF diet-induced SFP adipocyte hypertrophy ( Figure 5C ).
This profibrotic response in the IFP was accompanied by a greater number of differentially expressed genes involved in extracellular matrix remodeling (Figure 5D and Supplementary Table 2 , available at http:// onlinelibrary.wiley.com/doi/10.1002/art.40056/abstract). Of 84 genes evaluated, 34 were differentially expressed in the IFP in response to an HF diet, with 19 being up-regulated and 15 being down-regulated. The up-regulated genes included several that encode extracellular matrix proteins, such as types III, IV, and VI collagen as well as fibronectin and fibronectin receptors Values are the mean 6 SEM. # 5 P , 0.05 versus IFP control; * 5 P , 0.05 HF versus control for the same fat pad type. E, Heatmap showing unsupervised cluster analysis of both fat pad type and macrophage polarization effector status using the HF diet-induced fold change in gene expression, as calculated by the DDC t method. Fat pad samples clustered by anatomic location, and macrophage polarization effector genes clustered primarily by M1 versus M2 effector bias. M1 effector genes tended to be upregulated and M2 effector genes down-regulated in EFP and SFP samples.
Itga5 and Itgb1. In contrast, 22 genes were differentially expressed in the SFP, with the majority being downregulated (3 up-regulated versus 19 down-regulated). Only 1 gene, Sparc, was up-regulated in both fat pads in response to an HF diet; Sparc is a profibrotic glycoprotein that inhibits adipogenesis (34) . Three genes were downregulated in the IFP and SFP: Fbln1, Itga4, and Sgce. Several genes were up-regulated in the IFP in response to an HF diet that were down-regulated in the SFP, including cell adhesion and extracellular matrix binding proteins (Ecm1, Itgav, Lamb2, Tgfbi, and Thbs2) and regulators of matrix proteostasis (Mmp3 and Timp3). Given these differences in extracellular matrix regulation, we compared differences in gene expression in the IFP relative to the SFP of mice fed a control diet in order to gain insight into basal differences in transcription. We included both inflammatory and extracellular matrix arrays because inflammation can contribute to adipose tissue fibrosis. Of 168 genes, 10 were up-regulated and 16 were down-regulated in the IFP (Table 1) . A smaller subset retained significance after corrections for multiple comparisons (4 upregulated and 8 down-regulated). Of these, most were cytokine receptors and chemokines associated with reduced T cell chemotaxis and increased innate immune responses. These findings suggest that basal differences in adipose tissue mediators of inflammation, rather than the extracellular matrix per se, contribute to the robust profibrotic response in the IFP of obese mice.
DISCUSSION
The IFP is considered a paracrine mediator of cartilage catabolism due to the niche it provides for immune cells and its proinflammatory phenotype in OA joints (19) (20) (21) 24) . We hypothesized that obesity stimulates IFP inflammation by increasing macrophage infiltration and M1 polarization prior to the development of cartilage degeneration. Although we observed elevated basal IFP inflammation compared to other fat depots, diet-induced obesity did not further increase the number of immune cells in the IFP or induce a proinflammatory shift in cytokine expression or macrophage polarization after 20 weeks of consuming an HF diet.
Given that this duration of feeding induced early-stage OA changes, such as osteophyte formation and cartilage tidemark duplication, the findings do not support a role of IFP inflammation as a central initiating factor of obesity-induced knee OA. We did not, however, evaluate IFP inflammation after 46 weeks of HF feeding, when cartilage degeneration was significantly elevated, which raises the possibility that IFP inflammation contributes to OA progression.
Unlike subcutaneous or epididymal adipocytes, IFP adipocytes did not become hypertrophic in response to HF feeding despite an overall increase in fat pad size. This unique response to HF feeding suggests that IFP size increases by hyperplasia (i.e., adipogenesis), which has previously been reported to occur transiently in the epididymal fat of male C57BL/6 mice following high-fat feeding (35) . In addition, high-fat feeding also increased IFP fibrosis. Adipose tissue fibrosis is usually associated with adipocyte hypertrophy and obesity-induced metabolic dysfunction (25, 36) . In this context, M1 adipose tissue macrophages appear to generate proinflammatory signals that shift preadipocytes away from an adipogenic lineage and toward a myofibroblast phenotype. The localization of M1 macrophages and dense extracellular matrix deposits in crown-like structures that surround necrotic adipocytes reinforces the pathologic attributes of adipose tissue fibrosis. Therefore, the association of adipose tissue fibrosis with negligible M1 polarization and adipocyte hypertrophy in the IFP in obese mice raises questions about how it occurs and how it affects joint health. One possibility is that the temporal dynamics of inflammatory activation and resolution are accelerated in the IFP, which would require testing at earlier time points of feeding an HF diet. Alternatively, IFP fibrosis may occur via physiologic signaling mediators, such as mechanical stress, rather than pathologic proinflammatory M1 polarization.
Mechanical signals regulate stem cell fate, adipogenesis, and adipocyte hypertrophy, and the extracellular matrix mediates how cells sense these changes in the environment (37) (38) (39) . In pre-adipocyte culture models, static tensile strain stimulates adipocyte differentiation, whereas compressive strain or cyclic tensile strain suppresses adipogenesis (for review, see ref. 40) . Although few studies have examined IFP biomechanical stresses (41), the load-bearing aspects of this intraarticular fat pad likely underlie the basal differences in adipocyte size and response to diet-induced obesity. In a previous study, we showed that mice with diet-induced obesity maintain similar levels of spontaneous locomotor activity despite increased weight gain, which is consistent with increased joint stresses (18). 
OBESITY-INDUCED IFP FIBROSIS
Adipocyte size is a key factor in the regulation of adipokine secretion, and our results suggest that obesity-induced IFP fibrosis may limit metabolic inflammation by inhibiting adipocyte hypertrophy. Previous work has shown that subcutaneous adipocytes in the largest size quartile produce more leptin, IL-6, IL-8, CCL2, and granulocyte colony-stimulating factor compared to the smallest quartile, even when normalized to adipocyte surface area (42) . We observed few changes in adipokine protein levels in the IFPs of HF versus control mice. One notable exception was leptin, which surprisingly was reduced in mice fed an HF diet. We previously found that IL-1b decreases leptin production in the IFP of rats (43), although in the current study, IL1b gene expression was not increased with an HF diet. Rather, the increased extracellular matrix content may limit leptin production and adipocyte hypertrophy (25, 39) .
Many suppressors of adipocyte hypertrophy, including types III, IV, and VI collagen and fibronectin, were transcriptionally up-regulated in the IFP following HF feeding. In particular, the matricellular protein SPARC (also known as osteonectin) negatively regulates adipose tissue expansion by both stimulating fibronectin and suppressing adipogenic transcription factors and genes, including leptin (34) . HF feeding induced SPARC expression significantly more in the IFP (73-fold increase) versus the SFP (2.2-fold increase), suggesting that SPARC up-regulation is an important mediator of IFP fibrosis with obesity. Consistent with this, we observed that an HF diet increased IFP expression of a5 and b1 integrins, which form a receptor for fibronectin as well as SPARC-mimicking peptides (34). In addition, HF feeding likely stimulated IFP remodeling, as shown by the differential expression of several matrix metalloproteinases (Mmp2, Mmp3, Mmp13, and Mmp15) and tissue inhibitor of matrix metalloproteinase 3 (Timp3). Furthermore, macrophages are known to regulate extracellular matrix remodeling in adipose tissue (25) . We found that the IFP was enriched for M2 macrophages and IL-13 expression, which are associated with fibrosis in other tissues (36) .
The clinical significance of the IFP in OA development and progression is an active area of investigation (44, 45) . Some MRI-based cross-sectional studies have shown positive associations between IFP volume, joint inflammation, and joint pain (46, 47) , whereas cross-sectional and longitudinal analyses of other cohorts indicate a protective effect of IFP size on cartilage damage and pain, particularly in women (23, 48, 49) . Age and OA progression also mediate size changes in the IFP (22, 43) . Our findings show that obesity can increase IFP size in a genetically and environmentally controlled animal model, but increased IFP size is not necessarily associated with increased inflammation. A more detailed understanding of the inflammatory and secretory status of the adipocytes themselves is likely needed to predict the clinical impact of the IFP on OA pathophysiology. Our results parallel recent studies reporting a profibrotic effect of the IFP on synovial fibroblasts (50, 51) , suggesting that adipocytes may play a central role in modulating joint tissue fibrosis.
Our findings contrast with a previous study reporting IFP adipocyte hypertrophy and inflammation in male C57BL/6J mice following HF feeding (52) . However, that study used an HF diet composed of safflower oil and beef tallow versus soybean oil and lard used in the present study. That study also examined earlier time points (4, 8, and 12 weeks) compared to the present study (20 weeks) . The previous study also focused its histologic analysis on a single region in the medial compartment, excluding the larger IFP area throughout the intercondylar notch, which we included in our study. Thus, the prior findings may indicate regional variation in adipocyte responses to obesity. It is also possible that including adjacent synovial tissue could produce an inflammatory phenotype, as a recent study reported HF diet-induced increases in synovial macrophages and TNF production (16) . Although our study included synovium immediately deep to the IFP, it did not include adjacent peripheral synovium, and we did not observe an increase in TNF expression following HF feeding. This suggests that the synovium, rather than the IFP, is the major source of TNF in the mouse knee. This differs from studies in humans, which showed a positive correlation between IFP-derived TNF and the body mass index (20) . An additional potential limitation of our study is that we only focused on male mice, as there is increasing evidence that the specific metabolic links between obesity and OA are sex dependent (53) .
In conclusion, the IFP does not recapitulate the classic M1 macrophage-mediated inflammation that occurs in abdominal adipose tissue with obesity. This apparent protection from obesity-induced inflammation corresponds to the absence of adipocyte hypertrophy and an increase in adipose tissue fibrosis. These findings suggest that intraarticular adipocytes are subject to distinct spatiotemporal metabolic regulation among the fat pads, possibly due to the structural constraints and cyclic biomechanical stresses associated with the joints. Additional studies focused on earlier and later time points and the effects of altered joint loading conditions may help clarify how the IFP contributes to joint health and OA pathogenesis. 1230 BARBOZA ET AL
